We conducted three experiments to determine the sulfur amino acid (SAA) and methionine requirements of finishing gilts. Gilts (PIC Line 326 × C-15, Exp. 1; Line 326 × C-22, Exp. 2 and 3 ) were blocked by initial weight in randomized complete block designs. In Exp. 1, 64 gilts (initially 54 kg) were fed diets containing either .56 or .44% apparent digestible lysine with increasing SAA levels (63, 70, and 77% of apparent digestible lysine) in a 2 × 3 factorial. A lysine × SAA interaction ( P < .10) was observed for ADG and ADFI. Increasing SAA:lysine ratios from 63 to 70% in diets containing .56% apparent digestible lysine increased ADG and ADFI; however, increasing the SAA:lysine ratio in diets containing .44% apparent digestible lysine decreased ADG and ADFI. Pigs fed .56% apparent digestible lysine had higher ( P < .05) ADG and gain:feed ratio (G/F) and lower 10th rib fat depth than pigs fed .44% apparent digestible lysine. Increasing the SAA:lysine ratio had no effect on G/F or carcass characteristics. In Exp. 2, 80 gilts (initially 74 kg) were fed diets containing .225, .25, .275, .30, or .325% apparent digestible SAA (45, 50, 55, 60, or 65% of .50% apparent digestible lysine, respectively). Increasing SAA concentrations decreased ADG and G/F (linear, P < .06). In Exp. 3, 105 gilts (initially 72 kg) were fed diets containing .20% apparent digestible cystine and .10, .125, or .15% apparent digestible methionine (20, 25, or 30% of .50% apparent digestible lysine). Increasing digestible methionine increased ADG, ADFI, plasma methionine concentrations (linear, P < .01), and G/F (quadratic, P < .03). The greatest increases in ADG and G/F were observed when apparent digestible methionine was increased from .10 to .125%. Based on these results, the apparent digestible methionine requirement is no greater than 25% of apparent digestible lysine, in diets containing excess cystine. This equates to an apparent digestible SAA:lysine ratio that is no greater than 50%.
Introduction
Uncertainty exists about the requirement of finishing pigs for the sulfur amino acids ( SAA) , methionine and cystine. Factors such as age, lean growth potential, and environmental conditions contribute to the discrepancies between requirement estimates. Acceptance of the ideal protein concept has reduced the confusion, because estimated requirements now are expressed relative to lysine (ARC, 1981) . Current estimated requirements suggest that the ratio of SAA to lysine should increase with animal weight and the associated increased maintenance requirements (Baker and Chung, 1992) . This increase is most dramatic during the 50-to 115-kg growth period, when feed intake and maintenance requirements continue to increase but the proportional rate of lean gain declines. Even though factorial models generally utilize this assumption, researchers using empirical data have been unable to conclusively determine the SAA and methionine requirements of finishing pigs . Consequently, the limited number of estimated requirements for SAA vary widely from 50 to 75% of lysine (ARC, 1981; NRC, 1988; Chung et al., 1989; Wang and Fuller, 1989; Baker and Chung, 1992) . Part of this variability is due to differences in response criteria (i.e., N. balance vs growth performance), bioavailability of amino acids in the basal diets, and weights of pigs used in the experiments. Table 1 . Basal diet composition a a Each diet was formulated to contain .6% Ca and .5% P in Exp. 1 and .65% Ca and .55% P in Exp. 2 and 3.
b DL-Methionine replaced cornstarch at the following levels: .56% apparent digestible lysine (.04% and .08%), and .44% apparent digestible lysine (.03% and .06%) to make the 65% and 70% sulfur amino acid: lysine ratios.
c Experimental treatments substituted .025%, .05%, .075%, and .10% L-methionine for equal amounts of cornstarch.
d Experimental treatments substituted .025% and .050% L-methionine for equal amounts of cornstarch. Total cystine was maintained at .22% in each treatment.
e Provided the following per kilogram of complete diet in Exp. 1: vitamin A, 6, 615 IU; vitamin D 3 , 662 IU; vitamin E, 26.5 IU; riboflavin, 5.0 mg; 17.2 mg; niacin, 30 mg; choline, 99.2 mg; vitamin B 12 , 20 mg; and menadione (menadione sodium bisulfate complex), 2.6 mg.
f Provided the following per kilogram of complete diet in Exp. 2 and 3: vitamin A, 11, 025 IU; vitamin D 3 , 1, 103 IU; vitamin E, 44 IU; riboflavin, 8.3 mg; 29 mg; niacin, 50 mg; choline, 165 mg; vitamin B 12 The proportion of the SAA requirement for finishing weight gilts that must be provided by methionine is uncertain. Reported values are 45% and 50% of the SAA requirement for growing pigs. Chung et al. (1989) suggested a total methionine requirement of .207% (35% of lysine) for 50-to 80-kg pigs fed diets adequate in cystine. Because of the differences in estimated requirements, our objective was to determine the SAA:lysine and methionine:lysine ratios required for optimal growth performance and carcass characteristics of gilts from 72 to 104 kg.
Materials and Methods
Animal Care and Use. The experimental protocols used in these studies were approved by the Kansas State University Institutional Animal Care and Use Committee.
Animals and Housing. Crossbred gilts (L326 × C-15, Exp. 1; L326 × C-22, Exp. 2 and 3; PIC, Franklin, KY) were selected from the Kansas State University Swine Teachng and Research Center. Gilts in Exp. 1 and 2 were housed in an environmentally controlled finishing building with mechanical ventilation. Each pen (1.5 × 1.5 m with totally slatted flooring) contained a single-hole dry feeder and a single-nipple waterer, which allowed ad libitum consumption of feed and water. Gilts in Exp. 3 were housed in a modified openfront building with supplemental mechanical ventilation. Each pen (1.8 × 4.9 m with 50% solid and 50% slatted flooring) contained a two-hole dry feeder and a single-nipple waterer, which allowed ad libitum access to feed and water. Experiment 1 was conducted from October 1995 through December 1995. Experiment 2 was conducted during May and June 1996; Exp. 3 was conducted during August and September 1996. In Exp. 2 and 3, drip coolers were activated for 3 of every 15 min when ambient temperatures exceeded 27°C. Experimental Diets. For each experiment, diets were prepared using the same ingredients, to maintain nutrient uniformity among experimental diets. All diets were based on grain sorghum and soybean meal, and the SAA concentrations were altered by addition of crystalline methionine and cystine (Table 1) . For diet formulation, we assumed values of .16% total methionine and .13% total cystine (.14 and .10% apparent digestible) for grain sorghum and .66% total methionine and .74% total cystine (.57 and .59% apparent digestible) for soybean meal. These values were calculated using published values for total concentrations (NRC, 1988, grain sorghum; NCR-42 Committee, 1992 , soybean meal) and digestibility coefficients (Southern, 1991) . Because no published apparent digestibility values for cystine in grain sorghum were available, we used the apparent digestibility coefficient of cystine in corn (Southern, 1991) to estimate the apparent digestibility of cystine in grain sorghum. Amino acid composition and digestibility coefficients of spray-dried bloodmeal (AP 301) were obtained from the supplier (American Proteins, Ames, IA). All amino acid concentrations, with the exception of SAA, were formulated to meet or exceed requirement estimates based on a ratio relative to lysine (adjusted for apparent digestibility) for 50-to 110-kg pigs (Baker and Chung, 1992) . Sulfur amino acid concentrations relative to lysine were formulated by replacing cornstarch with DL-methionine (Exp. 1 ) or L-methionine (Exp. 2 and 3). In Exp. 1 and 2, crystalline methionine was used to increase the dietary SAA ratios; however, in Exp. 3, in which we examined methionine concentrations, L-cysteine was added in excess to minimize transulfuration. Diets were formulated to contain .60% Ca and .50% P in Exp. 1 and .65% Ca and .55% P in Exp. 2 and 3. Dietary CP was determined by AOAC (1990) procedures for all experiments. Amino acid analysis for Exp. 1 and 3 was performed by ion exchange chromatography following acid hydrolysis (Knabe et al., 1989 ; Tables 2 and 3 ). Methionine and cystine were determined following oxidation with performic acid (Moore, 1963) . Tryptophan was determined following alkaline hydrolysis (LaRue, 1985) .
Experiment 1. Gilts ( n = 64; initially 54 kg) were used in a 64-d growth assay with a 2 × 3 factorial arrangement of treatments. Gilts were blocked by weight with two gilts per pen and six replications (pens) per treatment. The high-lysine diets were formulated to contain .56% apparent digestible lysine (.70% total) with SAA concentrations of 63, 70, and 77% of apparent digestible lysine (61, 66, and 71% of total lysine). Low-lysine diets were formulated to contain .44% apparent digestible lysine (.55% total) with SAA:lysine ratios that were identical to those of the high-lysine treatments. Corresponding calculated apparent digestible SAA concentrations were .35, .39, and .43% for the .56% apparent digestible lysine diets and .28, .31, and .34% for the .44% apparent digestible lysine diets, respectively. Pig weights and feed disappearance were measured on d 0, 21, 42, and 64 to determine ADG, ADFI, and gain:feed ratio ( G/F) . 
Blood Sampling and Carcass Evaluation.
On the last day of each experiment, feeders were removed from pens for 1 h before blood samples were collected from the cranial vena cava region into heparinized vacuum tubes. Samples were centrifuged at 3,000 × g for 20 min within 1 h after collection. Plasma was harvested and stored at −20°C until analysis. Samples were analyzed for plasma urea N ( PUN) concentration with an autoanalyzer (Alpkem, Clackamas, OR) according to procedures described by Marsh et al. (1965) . Plasma samples were analyzed individually, and a mean was determined for each pen. Additionally, in Exp. 2 and 3, 2 mL of plasma from each pig was mixed with 2 mL of 10% sulfosalicylic acid containing 1 mM norleucine as an internal standard for amino acid analysis. After cooling in an ice bath for 30 min, samples were centrifuged at 4,000 × g for 20 min, and an equal amount of supernatant per pig was pooled by pen. Pooled samples were vortexed and centrifuged (13,800 × g) . The supernatant was frozen for subsequent amino acid separation by cation exchange chromatography and measurement by fluorimetry after postcolumn o-phthalaldehyde derivitization (Beckman System Gold, Beckman, Palo Alto, CA). At the termination of each experiment, the gilts were scanned ultrasonically by a certified technician at the last lumbar vertebra to determine 10th rib fat depth (Exp. 1, 2, and 3 ) and longissimus muscle area (Exp. 1 and 2). Similar to the PUN analysis, ultrasonic images were analyzed individually, and a mean was determined for each pen.
Statistical Analysis. Data from all three experiments were analyzed using a randomized complete block design. Analyses of variance were performed using the GLM procedure of SAS (1988) . Treatments in Exp. 1 were analyzed using a 2 × 3 factorial arrangement with dietary lysine and SAA:lysine ratios as main effects. Pigs were blocked by initial weight, and pen was the experimental unit. The main effects of lysine and SAA, as well as their interactions, were evaluated. Linear and quadratic polynomials (Peterson, 1985) were used to determine the effects of increasing SAA (Exp. 1 and 2 ) or methionine (Exp.
3 ) concentration on pig performance.
Results

Experiment 1.
Tendencies for lysine × SAA interactions ( P < .10) were observed for ADG and ADFI (Table 4) . Pigs fed .56% apparent digestible lysine had increased ADG and ADFI as SAA:lysine ratio increased to 70%, whereas pigs fed .44% apparent digestible lysine had decreased ADG and ADFI as SAA:lysine ratios increased. Sulfur amino acid ratio × lysine interactions were not observed ( P > .60) for G/ F, PUN, or carcass characteristics. Increasing SAA ratio above 63% of lysine did not affect ( P > .30) feed efficiency, PUN, or carcass characteristics. However, ADG and G/F were higher and 10th rib fat depth was lower for pigs fed .56% apparent digestibly lysine compared with those fed .44% apparent digestible lysine ( P < .05; Table 4 ). Longissimus muscle area was not affected ( P > .20) by either dietary lysine or SAA:lysine ratios. Plasma urea N concentrations were lower in pigs fed .44% apparent digestible lysine compared with those fed .56% apparent digestible lysine ( P < .01).
Experiment 2. Increasing dietary SAA decreased
ADG (linear, P < .06), PUN (linear, P < .02), and G/F (linear, P < .03; Table 5 ). No effect was observed for ADFI or carcass characteristics. Increasing dietary SAA increased plasma methionine concentrations (linear, P < .01; Table 6 ). However, increasing dietary SAA decreased plasma isoleucine and threonine while it increased plasma tryptophan concentrations (linear, P < .10). Decreases were observed in plasma lysine and valine concentrations (quadratic, P < .10) up to .275% apparent digestible SAA.
Experiment 3. Increasing apparent digestible methionine from .10 to .15% increased ADG, ADFI, and G/F (linear, P < .01; Table 7 ). The greatest increase was observed as dietary apparent digestible methionine was increased from .10 to .125%. No effect was observed for 10th rib fat depth or PUN ( P < .10). Increasing dietary methionine increased plasma methionine and decreased plasma isoleucine and threonine concentrations (linear, P < .03; Table 8 ). Plasma lysine and valine concentrations also were decreased (linear, P < .01; quadratic, P < .03) with increasing dietary methionine up to .125% apparent digestible methionine.
Discussion
These results indicate that the apparent digestible SAA requirement for 72-to 104-kg gilts is no greater than 50% of apparent digestible lysine content and that the apparent digestible methionine requirement is no greater than 25% of the apparent digestible lysine content. Even though these results indicate that methionine must supply at least half of the SAA requirement, we have not confirmed this experimentally. Results of Exp. 1 and 2 indicate no consistent improvement in growth performance with increasing SAA:lysine ratio. It is probable that the basal diets in these experiments were not deficient in methionine or total sulfur amino acids. However, in Exp. 2, PUN decreased with increasing SAA:lysine ratio, which might be interpreted as an improvement in amino acid utilization. Upon closer review, concentrations of only two amino acids (isoleucine and threonine) were reduced (linear, P < .10), whereas other amino acid concentrations remained unchanged. In a typical amino acid dose-titration study, PUN and amino acid concentrations should decrease as the limiting amino acid is increased and approaches the pig's requirement (Lewis et al., 1980) . This decreased concentration results from increased protein synthesis as greater amounts of the limiting amino acid are provided. Furthermore, concentrations of the limiting amino acid should remain relatively low until the requirement is met and then increase. In Exp. 2, although PUN was decreased, we did not observe the corresponding changes in other amino acids as expected. Conversely, in Exp. 3, there was no change in PUN, but all amino acid concentrations other than arginine and methionine were decreased with increasing methionine. This response coincided with increased growth rate and feed efficiency, which suggests that pigs fed diets containing .50% apparent digestible lysine and excess cystine have an apparent digestible methionine requirement between .10 and .125%. The changes in ADG in all studies coincided with changes in feed intake, although ADFI was only significantly increased in Exp. 3. This is consistent with findings of Chung et al. (1989) and Owen et al. (1995) , who observed increased feed intake of pigs with increasing methionine concentrations up to the estimated requirement, and reductions in feed intake when pigs were fed large excesses of methionine (1% or greater of the diet; Edmonds and Baker, 1987) . These data suggest that dietary methionine concentrations may play a role in regulating feed intake in pigs.
The lysine concentrations used in Exp. 1 indicate that the apparent digestible lysine requirement of these gilts was greater than .44%. This is similar to observations by and Loughmiller et al. (1998) , who both indicated that finishing gilts of this genotype require approximately 18 g/d total lysine (15 g/d apparent digestible). The total lysine intakes from Exp. 2 and 3 indicate that lysine was marginally deficient in both experiments. Exceeding the true lysine requirement would result in underestimation of the required SAA:lysine or methionine:lysine ratios. Use of diets marginally deficient in lysine to evaluate amino acid requirements relative to lysine prevents underestimating requirements because ratios relative to utilizable lysine are maintained (Baker, 1995) . Using N retention and growth performance as response criteria, Wang and Fuller (1989) estimated that the SAA requirement of 20-to 50-kg pigs is 63% of true digestible lysine. Fuller et al. (1989) used N balance to estimate the maintenance and growth requirements in a factorial approach and estimated the SAA and methionine requirements of 50-kg swine to be 60 and 27% of true digestible lysine, respectively. However, amino acid requirements based on N balance are generally higher than requirements based on growth performance and carcass characteristics (Brown et al., 1973; Baker, 1986) . Fuller et al. (1989) also observed that cystine could meet approximately 80% of the maintenance requirement for SAA and that, based on their research, cystine could supply approximately 55 to 60% of the SAA requirement in a 50-kg growing pig. Baker and Chung (1992) estimated the optimal true digestible SAA:lysine ratio to be 70% for 50-to 100-kg pigs (also 70% on an apparent digestible basis). However, this estimate was based on experiments conducted with lighter pigs and was extrapolated to heavier weights based on assumptions about the higher maintenance requirements of heavier pigs . Therefore, the SAA:lysine ratio of Baker and Chung (1992) might have overestimated the actual proportion of SAA required for maintenance in high-lean-growth pigs from 50 to 110 kg. Their estimated SAA requirement was later revised (Baker, 1995) to 65% of true digestible lysine (also 65% of apparent digestible lysine). Their estimate of the minimally acceptable methionine:cystine ratio, 45:55, was based on the data of Baker et al. (1969) . Laurie et al. (1996) observed that G/F ratio and ADG were optimized in 23-to 62-kg pigs fed a diet containing a true digestible methionine:lysine ratio of 28%. Cystine was maintained at 26% of true digestible lysine, which is in agreement with suggested cystine concentrations of less than 50% of the dietary SAA concentration (ARC, 1981; NRC, 1988; Fuller et al., 1989) . This estimate of the methionine:lysine ratio is slightly higher than that determined in Exp. 3, in which an apparent digestible methionine:lysine ratio of 25% yielded optimal growth performance in 72-to 104-kg gilts.
In contrast, Chung et al. (1989) observed improvements in ADG and feed utilization for 50-to 80-kg pigs fed bioavailable methionine concentrations up to .182% of the diet. They extrapolated the bioavailable methionine requirement to a total dietary methionine requirement of .207% (35% of lysine) in commercial corn-soybean meal diets typically fed in the United States. Baker (1997) suggested that a true digestible methionine:lysine ratio of 34% (34% total and apparent digestible) and a SAA:lysine ratio of 64% were required for 50-to 100-kg pigs. These estimates were based on revised calculations of previous ratios (Baker and Chung, 1992; Baker, 1995) and on the research by , which evaluated two ideal amino acid patterns for finishing pigs.
The NRC (1988) published a total dietary SAA requirement estimate of .34% (57% of total lysine) for 50-to 110-kg pigs, and the ARC (1981) suggests an apparent digestible requirement estimate of 50% of digestible lysine. If one assumes that cystine can furnish half of the SAA requirement, our findings would indicate a requirement below the NRC (1988) or no greater than the ARC (1981) estimates.
More recently, Knowles et al. (1998) observed no improvements in growth performance or carcass muscling when barrows and gilts were fed total SAA:lysine ratios greater than 47%; however, fat deposition was minimized at a SAA:lysine ratio of 65%. Their data support our findings that the dietary SAA concentration for optimal growth performance is not greater than 50% of lysine. The lack of response in carcass characteristics from increasing SAA:lysine ratio in our study is consistent with previous studies by Taylor et al. (1983) and Lenis et al. (1990) , who observed no effect on carcass characteristics with increasing SAA: lysine ratios. With the exception of the report by Knowles et al. (1998) , increasing SAA:lysine ratio above 50% of lysine has had only minimal effects on carcass characteristics of finishing pigs.
Implications
Our results indicate that for 72-to 104-kg gilts the optimum apparent digestible methionine concentration is no greater than 25% of apparent digestible lysine. If one assumes that cystine can provide only 50% of the sulfur amino acid requirement, our results suggest that growth performance and carcass characteristics will be maximized by diets containing an apparent digestible sulfur amino acid content between 40 and 50% of apparent digestible lysine content. Therefore, most lysine-adequate, corn-or grain sorghum-soybean meal-based diets will contain sufficient methionine and sulfur-containing amino acid concentrations to maximize finishing pig growth performance.
